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Abstract 
 
Calculation results concerning the heat transfer coefficient at the metal-mould interface during flow of the AlMg10 alloy in the channel-
like cavity of the spiral castability test mould. The experimental cooling curve as well as changes of metal flow velocity have been 
determined on the basis of the measured metal temperature during flow. The cooling curve equation for the examined alloy, derived from 
the heat balance condition in a casting-mould system and taking into account experimental data concerning changes in metal temperature 
and its flow velocity, has enabled evaluation of the heat transfer coefficient at a chosen point of a metal stream along the mould channel. 
Graphic representations of changes of this coefficient against time and the channel length have been shown. 
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1. Introduction 
 
Heat exchange is a heat transfer between the solid body 
surface and the liquid flowing along it. Such a phenomenon takes 
place in casting technology, where the heat exchange exists 
between the liquid metal and the mould surface or between the 
solidified casting surface and the air gap [1, 2]. The mentioned 
cases refer to the important stages of pouring and filling the 
mould cavity, as well as to the cooling of the solidifying casting 
in sand moulds, when a gap forms due to the metal contraction. 
They comprise also a great population of castings solidifying in 
metal dies where a gap is formed additionally due to the presence 
of protective and insulating mould coatings [3,  4,  5]. The heat 
exchange in the metal-mould system is therefore essential to the 
kinetics of cooling and solidifying of a casting, which is in turn 
decisive for casting structure and properties. The heat exchange 
between metal and the mould surface is of complex character 
because it is an effect of various heat transfer mechanisms, mainly 
convection and radiation [6]. Examining and assessment of 
cooling and solidifying of castings can be performed 
experimentally or by computer simulation methods which become 
more and more popular [7]. Mathematical description of heat 
transfer phenomenon is needed for both cases, and this demands 
for determining the boundary conditions, and by the same for 
knowledge of heat transfer coefficient values involved into the 
third type of boundary conditions which the most closely reflect 
the actual boundary conditions. 
The heat transfer coefficient is a function of several variables. 
It depends on the thermophysical properties of the fluid as its 
thermal expansion, density, viscosity, and on the velocity and 
character of flow, as well as changes in state of aggregation 
(crystallisation) together with steady or unsteady heat exchange 
[8]. Direct examining of heat exchange between metal and the 
mould is strongly restricted because of the measuring difficulties 
and, on the other hand, the lack of mathematical description of 
this phenomenon makes impossible either analytical, or 
numerical, or at last analog solution of the problem. The most 
often the remaining choice is model testing and dimensional analysis exploring the similarity theory, which are the well known 
tools for determining the heat transfer coefficient [9]. 
 
 
2. Methodology and the investigation 
results 
 
The interfacial heat transfer coefficient has been calculated 
from the equation of heat balance between the amount of heat lost 
by the flowing metal and gained by the mould. The formulation of 
heat balance has been done assuming the moving coordinate 
system with origin at the metal front. This enables making the 
coefficient formally the time-independent one. Additionally, for 
the simplicity of description and solution, it has been assumed 
that the metal does not solidify during flow, the heat is transferred 
in the direction perpendicular to the mould walls only, and the 
flow velocity is constant. A simple differential equation is 
obtained under these assumptions, and its particular integral 
determines the unknown metal temperature during flow for 
a  given pouring temperature and system properties [1]. If the 
temperature and velocity of flowing metal can be determined 
experimentally, then it is possible to evaluate the changes of heat 
transfer coefficient at the metal-mould interface during flow from 
the following equation: 
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where: R is a reduced thickness of the casting wall (solidification 
modulus), ρ1’ and c1’ are density and specific heat of the liquid 
metal, respectively, υzal = Tzal-T2p is an excess of pouring 
temperature, υ1(t) = T1(t) - T2p is an excess of metal temperature 
(variable), T2p – initial mould temperature, z – distance from the 
metal stream front, w(t) – velocity of metal (variable), t - time. 
The measurements concerning temperature and velocity of the 
AlMg10 alloy during its flow have been performed for the spiral 
test mould. The spiral test casting has a trapezoidal cross-section 
with base lengths of 9 and 5 mm and the height of 8 mm, and its 
reduced wall thickness is equal to R= 1.85⋅10
-3m. The liquid alloy 
has been gravity cast by pouring from the temperature of 973 K 
into the previously prepared moulds. The moulds have been made 
of quartz sand of average grain size 0.09 mm with oil binder. This 
sand is characterised by the high durability and is suitable for 
direct moulding because its binder does not evaporate. The high 
compressive and shearing strength along with good permeability 
and flowability while wet ensure the extremely high dimensional 
accuracy of castings. 
The Ni-CrNi thermocouples made of 0.3 mm wire with 
a thermojunction of 0.5 mm diameter, covered with a cover layer 
have been embedded in the spiral test mould along its cavity at 
intervals of 100 mm in places corresponding to the distance 
markers of the mould. The quantity of thermocouples and the 
intervals between them have been determined on the basis of 
previous experiments [9]. The first thermocouple has been placed 
directly past the main sprue. Temperature data have been 
collected and recorded by means of the PCL  818 computer 
laboratory card of maximum sampling frequency equal to 
100 kHz with 16 unipolar input channels. For the minimum input 
voltage range equal to ± 0.5 V and the maximum range of ± 10 V 
the standard conversion time has been 8 μs, and the signal has 
been transmitted by the system of galvanically insulated PCLM-
5B-series converters. The PLCM-5B40-3 type converters with 
input range ± 100 mV have been applied in order to adjust the 
NiCr-Ni thermocouple voltage to the input voltage range of the 
card. The Visual LAB data acquisition program has been used for 
measurement performing. The applied program sampling 
frequency for each temperature channel has been equal to 100 Hz. 
Each curve representing the temperature changes against the 
time for the individual place within the mould cavity has been 
obtained from three simultaneously performed measurements. 
During flow the stream front touches the junctions of the 
subsequent thermocouples which record this moment, whereas the 
actual temperature of metal and the thermocouple is recorded 
after some time from the moment of contact between the metal 
and the thermojunction. This time delay known as the time 
constant of a given metal-thermojunction system is a result of 
thermal inertia of the thermocouple. The time constant has been 
determined during the examination of the temperature field of the 
flowing metal and its value for the investigated system has been 
equal to 0.28 s. The gathered data allow for determining the time-
dependent length L of the filled channel, what defines the 
momentary velocity w(t) of metal flow in the mould cavity and 
the metal temperature υ1(t). While calculating the α coefficient, 
the following properties of liquid metal have been assumed: 
ρ1’ = 2300kg/m
3, c1’ = 1300 J/kgK. The results of the carried out 
measurements, which have exhibited good repeatability, have 
been presented in Figs 1-3 [10]. The measurement results has 
been gathered for the purpose of heat transfer coefficient 
calculation in Table 1. 
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Fig. 1. Flow distance and velocity for the AlMg10 alloy 
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Fig. 2. Temperature of the stream front along the mould channel 
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Fig. 3. Temperature and cooling rate of the metal stream front 
 
Table 1. 
Measured and calculated values of αc
Time 
[s] 
υ1(t) 
[K] 
L 
[m] 
w(t) 
[m/s] 
αc
[W/m
2K] 
0 650  0  0  ∞ 
0.1 617  0.130  1.15 2882 
0.2 600  0.235  1.00 2214 
0.3 590  0.341  0.83 1786 
0.4 584  0.408  0.71 1481 
0.5 576  0.475  0.66 1337 
0.6 568  0.540  0.63 1245 
0.7 563  0.600  0.61 1134 
0.8 557  0.660  0.61 1067 
0.9 551  0.722  0.60 1012 
1.0 545  0.775  0.55 975 
1.1 543  0.838  0.50 902 
1.2 543  0.880  0.45 833 
1.3 543  0.923  0.42 765 
1.4 543  0.965  0.40 711 
1.5 539  1.005  0.38 690 
1.6 537  1.045  0.25 669 
1.7 533  1.080  0.12 651 
1.8 532  1.100  0.00 640 
Substituting various values for the z variable in the 
Equation  1, the values of heat transfer coefficient can be 
calculated for any place along the mould channel. Fig. 4 shows 
the change of the heat transfer coefficient at the stream front and 
other selected points of the mould channel, while Fig. 5 represents 
change of this coefficient at the stream front moving along the 
mould channel. 
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Fig. 4. Heat transfer coefficient at the metal-mould interface 
during flow 
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Fig. 5. Change of the heat transfer coefficient of the metal stream 
front along the mould channel 
 
 
3. Conclusions 
 
Metal temperature measurements during flow in the mould 
channel have allowed for calculating the heat transfer coefficient 
at the metal-mould interface. The theoretical-experimental 
method employed for calculating the heat transfer coefficient 
takes into account the actual temperature and flow velocity 
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accounts for metal solidification during flow, but as far as one 
uses the recorded temperature and velocity change values for 
calculations, this influence is implicitly included. By the same the 
calculated values of the heat transfer coefficient at the metal-
mould interface during flow reflect the actual conditions of heat 
exchange. The obtained results agree with the theory of heat 
exchange during the forced flow along the mould channel. The 
metal flow is accompanied by intensive cooling at the mould 
walls, which locally increases the viscosity of metal. Such 
a temperature field results in higher metal flow velocity in the 
stream axis than at the mould walls. The cross-channel velocity 
profile is not a parabolic one and this diminishes the length of 
sections of hydrodynamic and thermal stability. A section of 
hydrodynamic and thermal stability exhibits a stationary velocity 
profile and a constant value of local heat transfer coefficient. The 
reduction of metal flow velocity at the mould walls is 
accompanied by the drop in the heat transfer coefficient value. 
Figures 4 and 5 confirms such changes of the calculated heat 
transfer coefficient. It can be also seen that, on the one hand, 
metal solidifying retards the temperature drop due to the latent 
crystallization heat release, and on the other hand it implies 
a quick decrease of the flow velocity. As one can see in Fig. 5, 
a distinct fall of the heat transfer coefficient value occurs at the 
stage of intensive solidifying L=0.8-1.0 m. This points out that the 
decrease of flow velocity diminishes the heat transfer coefficient 
to such a degree that it cannot be compensated by an increase 
generated due to the decreased cooling rate. The carried out 
measurements, calculations, and analyses allow for drawing the 
following conclusions: 
−  during the flow and cooling of metal a decrease of heat 
transfer takes place at the stream front due to the drop in 
temperature and velocity; 
−  solidifying of metal retards its temperature drop and 
simultaneously slows its flow velocity, what is decisive for 
the decrease of the heat transfer coefficient value; 
−  the drop of the heat transfer coefficient value in the mould 
channel is the more intensive, the higher rises the mould 
temperature due to the heat gained from the flowing metal. 
 
 
References 
 
[1]   W. Longa: Solidification of castings. Śląsk 1985, Katowice, 
(in Polish) 
[2]   G.F. Balandin: Principles of theory of castings formation. 
Maszinostroenie 1979, Moskwa, (in Russian) 
[3]   W. Longa: Solidification of castings in metal mould. Śląsk 
1978, Katowice, (in Polish) 
[4]   J. Braszczyński: Theory of foundry processes PWN 1989, 
Warszawa, (in Polish) 
[5]   M.C. Fleming: Solidification processing. Mc Graw-Hill 
Book 1973, New York 
[6]   S. Wiśniewski, T. Wiśniewski: Heat exchange. WNT 2000, 
Warszawa, (in Polish) 
[7]   B. Mochnacki, J. Suchy: Numerical methods in computations 
of foundry processes. Polish Foundrymen’s Technical 
Association 1995, Kraków 
[8]   R. Puzyrewski, J. Sawicki: Principles of fluid mechanics and 
hydraulics. PWN 1987, Warszawa, (in Polish)  −  the heat transfer coefficient at the metal-mould interface can 
be calculated using experimental data concerning velocity 
and temperature fields occurring during metal flow along the 
mould channel; 
[9]   J. Zierep: Similarity criteria and modeling principles in fluid 
mechanics. PWN 1978, Warszawa, (in Polish) 
[10] Z. Konopka, M. Łągiewka: Solidification of AlMg10 alloy 
during flow in casting mould. Hutnik 6 (2006) 285-289. 
 
 
 
ARCHIVES of FOUNDRY ENGINEERING Volume 7, Issue 4/2007, 101-104  104 